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Numerical Investigation 
of Stall Flutter 
Unsteady, separated, high Reynolds number flow over an airfoil undergoing oscilla-
tory motion is investigated numerically. The compressible form of the Reynolds-
averaged governing equations is solved using a high-order, upwind biased numerical 
scheme. The turbulent flow region is computed using a one-equation turbulence 
model. The computed results show that the key to the accurate prediction of the 
unsteady loads at stall flutter conditions is the modeling of the transitional flow 
region at the leading edge. A simplified criterion for the transition onset is used. The 
transitional flow region is computed with a modified form of the turbulence model. 
The computed solution, where the transitional flow region is included, shows that 
the small laminar/transitional separation bubble forming during the pitch-up motion 
has a decisive effect on the near-wall flow and the development of the unsteady loads. 
Detailed comparisons of computed fully turbulent and transitional flow solutions with 
experimental data are presented. 
Introduction 
The prediction of stall flutter of propellers and turbomachin-
ery blades continues to be an important problem in the design 
and development of modern propulsion systems. Carta and 
Lorber [1] recently performed an experimental study of the 
aerodynamics of incipient torsional stall flutter of propeller 
blades and found that small-amplitude oscillations near stall 
may be extremely unstable. Sisto [2] presented a rather compre-
hensive review of the stall flutter phenomena occurring in axial-
flow turbomachines. He noted that no purely analytical method 
of description has yet evolved and that experimental correlations 
are used as design criteria, followed by a development phase 
in which observed deficiencies are corrected. 
There exists, therefore, a need to develop ' 'rational'' predic-
tion methods so that expensive and time consuming develop-
ment testing can be minimized. There are broadly two different 
approaches available to achieve this goal, i.e., viscous-inviscid 
interaction methods and Navier-Stokes methods. The former 
method couples inviscid flows with boundary layer flows 
(Abdel-Rahim et al. [3] , Jang et al. [4] , Cebeci et al. [5]), 
whereas the latter relies on the solution of the full viscous flow 
equations. 
In a previous investigation [6] , we attempted the analysis of 
airfoil stall flutter by applying a Navier-Stokes flow solver to 
the problem of low subsonic flow, M„ = 0.3, over an oscillating 
NACA-0012 airfoil in the light stall regime. The flow was 
assumed to be fully turbulent, and the Baldwin-Lomax [7] , 
the algebraic RNG-based model [8] , and the half-equation 
Johnson-King [9] turbulence models were used. It was found 
that none of these models was capable of reproducing the hyster-
esis loops measured by McCroskey [10]. 
As is well known, modeling of the turbulent flow behavior 
is an important issue in computational aerodynamics. The 
flow over an oscillating blade is often massively separated 
and involves multiple length scales. For the computation of 
these flows, application of algebraic turbulence models, such 
as the Cebeci-Smith [11], the Baldwin-Lomax [7 ] , or the 
Johnson-King [9] model, becomes very complicated and 
often ambiguous. The source of ambiguity comes from the 
difficulty in defining characteristic length scales, such as 
Contributed by the International Gas Turbine Institute and presented at the 39th 
International Gas Turbine and Aeroengine Congress and Exposition, The Hague, 
The Netherlands, June 13-16, 1994. Manuscript received by the International 
Gas Turbine Institute February 25,1994. Paper No. 94-GT-206. Associate Techni-
cal Editor: E. M. Greitzer. 
boundary layer thickness. An extensive investigation of the 
ability of these simple models as well as the recently devel-
oped Baldwin-Barth [12] and Spalart-Almaras [13] one-
equation models to predict unsteady separated flows has been 
conducted in [14]. The one-equation models have shown 
superior behavior compared to algebraic models. Therefore, 
here the one-equation Baldwin-Barth model, which is "suf-
ficiently' ' accurate for the present type of application, is used. 
In addition, this model is numerically robust, computationally 
efficient, and it does not have strong dependency on ambigu-
ous quantities such as specified model parameters. It can be 
used for the computation of the entire flowfield, in contrast 
to the algebraic models, which have to be complemented with 
a wake model. 
Two-equation models, such as the k-e [15] and the k-uj 
[16] models, have been also used to compute steady and un-
steady airfoil flows [17]. It appears that the k- u> model provides 
some improvements over the one equation models. The k-e 
model, on the other hand, does not predict well the adverse 
pressure gradient separated flow regions. Because the Baldwin-
Barth model requires only about half the time compared to the 
two-equation models, and because the focal point of this paper 
is to show the effect of transitional region on the development 
of the unsteady flow field, only this model is used. 
Initially, fully turbulent flow over an oscillating blade us-
ing the Baldwin-Barth model was computed. The solution 
showed disappointing disagreement with the measured loads, 
especially for the downstroke where not even qualitative 
agreement with the pitching moment and drag coefficients 
was obtained. Note that similar observations were made [6] 
where only algebraic and half equation models have been 
used. The computations of [6] were performed at a slightly 
larger amplitude of oscillation than the experiment. Larger 
amplitude of oscillation was also used in [18]. In these inves-
tigations the larger oscillation amplitude was employed in 
order to force the flow to separate enough and to obtain a 
hysteresis loop. Numerical experiments [17] have also dem-
onstrated that certain turbulence models may reproduce 
closely enough the lift and pitching moment hysteresis loops 
when the amplitude of the oscillation is increased. However, 
the drag hysteresis does not agree with the experiment, and 
the surface pressure distributions during the downstroke have 
large deviations from the experimental values. 
Experimental [19] and numerical [20] investigations of air-
foil flows for a range of Reynolds number from 0.5 X 106 to 
1.0 X 106 were recently conducted. It was shown that the effect 
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of the leading edge transitional flow region is of primary impor-
tance to the overall development of the suction side viscous 
flow region. Laminar/transitional separation bubbles form near 
the airfoil leading edge for angles of incidence as low as 6 deg 
and significantly alter the suction side pressure distribution and 
the boundary layer formation. These observations of the low 
Reynolds number flow behavior stimulated our interest to inves-
tigate the effect of transitional flow on dynamic stall at a higher 
Reynolds number of Rec = 4.0 X 106. 
The main objective of the present investigation, therefore, is 
to show that it is important to take into account the leading 
edge transitional flow not only for the lower Reynolds number 
regime but also for the high Reynolds number in order to predict 
stall flutter. For the high Reynolds number regime, transition is 
expected to occur very close to the leading edge after the ad-
verse pressure gradient region is encountered. The extent of the 
transition region and the separation bubble is also expected to 
be very small. In practice, turbomachinery flows occur at a low 
Reynolds number in the range of 0.1 X 106 to 1.0 X 106. 
Experimental investigations [21] have shown that for these 
Reynolds numbers transition occurs downstream from the lead-
ing edge suction peak sometimes in the vicinity of the midchord 
or close to the trailing edge depending on the airfoil shape 
and the Reynolds number. Reliable prediction of the transition 
location onset for these cases requires more sophisticated analy-
sis, which is still in the development stage, even for steady 
flows. Modeling of the transitional flow region for these cases 
presents a difficult problem because the transitional region is 
large. On the other hand, predictions of the transitional region 
for complex geometries with Navier-Stokes methods requires 
enormous computational effort. Application of the recently de-
veloped Parabolized Stability Method [22, 23] is more promis-
ing for these cases. Therefore, here the high Reynolds number 
case was chosen to demonstrate the effect of transition on the 
prediction of stall flutter. 
For the numerical implementation, a simplified criterion for 
the onset of transitional region is used. Furthermore, an effective 
eddy viscosity for the transitional flow region is obtained from 
the same turbulence model used for the computation of the 
turbulent flow region. The computed results for an oscillating 
airfoil show that modeling of the transitional flow near the 
leading edge decisively changes the character of the pitching 
moment hysteresis loop. Whereas the fully turbulent calcula-
tions produce only counterclockwise loops, the transitional cal-
culations produce clockwise loops, As is well known from the 
literature, e.g., Carta [1], single-degree-of-freedom stall flutter 
in pitch occurs as soon as the area enclosed by the clockwise 
loop exceeds the area enclosed by the counterclockwise loop. 
The computation shows that the initial part of the downstroke 
is in close agreement with the experiment for the lift, pitching 
moment, and drag hysteresis loops. The prediction of the devel-
opment of the flow during the remainder of the downstroke 
still shows substantial deviations from the experiments. These 
results as well as the basic approach are described in the follow-
ing sections. 
Numerical Implementation 
The strong conservation-law form of the thin-layer, com-
pressible Navier-Stokes equations for a curvilinear coordinate 
system (£,?;) along the axial and normal direction, respectively, 
is as follows: 
d,Q + d(F + <5„G = Re^1 d„S (1) 
Here, Q is the conservative variable vector, F and G are the 
inviscid flux vectors, and S represents the viscous terms in the 
normal direction. The conservative variable vector Q is 
Here J = l/(x(yn - x,y£) = £xrjy - (,yr)x is the Jacobian of the 
transformation, and F, G are the inviscid fluxes given by 
P
 = 1_ / puU + £xp \ A = -1 / puV + r]xp \ 
J \ pvU + t;yp * J \ pW+r,yP 
\{e + p)U - £,p) \(e + p)V - n,p ) 
The viscous term, when the thin-layer approximation is applied, 
and assuming that \ = —2/3/u, is given by 
j I pmivn + (p,/3)m2r)y I 
\//Wim3 + (/V3)m2W4 / 
Here, 
mi = v2x + Vy 
m2 = rjxuv + r)yv^ 
m3 = f («2 + »2)/2 + K Pr-'f ?f) 
or] \ arj / 
m4 = (rjxu + rjyv) 
where a is the local speed of sound, K is the thermal conductiv-
ity, Pr is the Prandtl number, and U, V are the contravariant 
velocity components given by 
U = u(x + v£y + f, 
V = ur)x + vrjy + rj, 
In Eq. (1), all geometric dimensions are normalized with the 
airfoil root-chord length; the density is normalized with the 
free-stream density p„; the velocity components are normalized 
with the free-stream speed of sound, «„; the total energy per 
unit volume is normalized with p«,a£; and the pressure is related 
to density and total energy through the equation of state for an 
ideal gas, p = (y - l)[e - p(u2 + v2)/2]. 
The numerical integration is performed using an upwind-
biased, factorized, iterative, implicit numerical scheme given 
by 
[/ + heWlATj, + A{AT,k)Y x [/ + \ ( V ^ 
+ A{,B7,k - Re ' 1 M * a ) ] p X (QUl ~ QU) 
= -[(Qh - QW + h{F"Mn,k - fUnt) 
+ hr,(,GPiik+ul — G1,k~m) 
- R e " 1 V ^ * n « - ^ f j t - i « ) ] (2) 
In Eq. (2) , h( = Ar/Af, etc., A* = (dF/dQ), B±, M are 
flux Jacobian matrices. The quantities Fi+U2,K, GiMm, and Si:k+1,2 
are numerical fluxes. 
Time accuracy of the implicit numerical solution is obtained 
by performing Newton iteration to convergence within each 
time step. The approximation to Q"+l at each subiteration is 
the quantity Qp. When p > 2, during a given subiteration, Qp 
= <2"+1, but when p = 1 and no subiterations are performed, 
then Qp = Q", and Qp+I = Q"+l. By subiterating to conver-
gence, linearization and factorization errors are minimized, be-
cause the left-hand side of Eq. (2) can be driven to zero at 
each time step. The inviscid fluxes F and G are evaluated us-
ing Osher's [24, 25] upwinding. 
The numerical fluxes for a third-order accurate upwind-biased 
scheme are given by 
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Fi+\ll,k — Fj+i/24 + g[AF;_1 / 2 j i + 2AFi + l/2ik] 
~~ 5[AF,r+3/y + 2AFr+i/2,t] 
= HQi*, & + U ) 
+ | [ A F + ( 2 , + u , QIJt) + 2AF+(<2,,t, a + u ) ] 
- $[AF-(g ( i t , Q/+Iit) + 2 A F - ( f i ( + u , &,*)] (3) 
where F is the first-order accurate numerical flux for Osher's 
scheme given by 
F a + F, • - f 
1+1,4 I 
Jo, 
[F+,-F~q dQ (4) 
where F, = F+ + F " , Ff = (dF/dQ)*, and AF* are the 
corrections to obtain high-order accuracy. The Osher scheme 
evaluates the flux assuming a shock tube solution where Fq is 
piecewise continuous, and yields good predictions of the flux. 
For the linearization of the left-hand side of Eq. (2) , the flux 
Jacobian matrices A, B are evaluated by the Steger-Warming 
[26] flux-vector splitting. 
The viscous fluxes SiMXn are computed with central differ-
ences as follows: 
Si,k+l/2 = SlQifi+i/2, (Qri)iJ:+ll2, ViMUl] 
G u + i / 2 = 2^Q'j< ~*~ Qt+iji) 
(Qri)i,k+ll2 — Qi,k Qu (5) 
The accuracy of the present method has been demonstrated 
before for various steady and unsteady flow problems [17, 27, 
28]. Good agreement with experimental surface loads and ve-
locity profiles was obtained. Also the Navier- Stokes solutions 
[28] were in excellent agreement with viscous-inviscid compu-
tations. 
Boundary Conditions 
On the blade surface the density and pressure are obtained 
from the interior by simple extrapolation. For unsteady solutions 
the surface velocity is set equal to the airfoil speed obtained by 
the prescribed airfoil motion as follows: 
U =
 J ^ y ~~ ^Vy^ 
1 
: (£>??* - rj£x) (6) 
Solutions are computed for subsonic speeds. For subsonic in-
flow/outflow boundaries the flow variables are evaluated using 
one-dimensional Riemann invariant extrapolation. At the inflow 
boundary there are three incoming and one outgoing characteris-
tic. Therefore, three primitive variables, the density p, the nor-
mal velocity v, and the pressure p, are specified and the fourth 
variable, the axial velocity u, is extrapolated from the interior. 
At the outflow boundary there are one incoming and three out-
going characteristics. Therefore, only one quantity, the pressure, 
is specified, while the others are extrapolated from the interior. 
For the density and normal velocity, simple first-order extrapo-
lation is used, and the axial out-flow velocity is obtained from 
the zero-order outgoing Riemann invariant. 
Turbulence Model 
The Baldwin-Barth [12] model has been derived from the 
k- e model equations by introducing some simplifying assump-
tions. An advantage of this model compared to the algebraic 
[7,8,11] and half-equation models [9] is that it does not require 
evaluation of ambiguous length scales, and it describes more 
accurately the physics of the turbulent flow. It requires numeri-
cal solution of only one partial differential equation. Therefore, 
it is less computationally intensive compared to two-equation 
models. It solves the following partial differential equation: 
D{VRT) . , , m 
Dt = (Ceji - cc^uRTP 
+ \v + — \Vi(vRT) (Vi/,)-V(i/flr) (7) 
a, I ae 
This is a partial differential equation for the field quantity RT 
or the modified turbulent Reynolds number uRr which is related 
to the k-e quantities by RT = k2/ve = RTf3(Rr). The quantity 
RT, named turbulent Reynolds number, is related to trie eddy 
viscosity as 
v, vcJv,RT = vcJJ^RT (8) 
where 
— = (ce - c^icjK2 
ix, =pv, 
f„ =D{D2 
D, = 1 - exp( -y + /A + ) 
D2 = 1 - e x p ( - y + /A2 +) 
/3 =D,D2lf, 
_ (dUlMdUj\dU, 2 (dU, 
\ dxj dxi ) dXj 3 \ dxj 
fz(y+) = — + l + D , A 
Ky 
\jDJ)2 + -jf= f-L exp(-y+M + )D2 
+ — exp(-y+ /A 2 + )D 
A 2 )} 
Here y+ = uTylv and uT is the skin friction velocity. The con-
stants used for the Baldwin-Barth model are the same as in 
the original paper [12] and are given by: 
K = 0.41, c£l = 1.2, 2.0 
c„ = 0.09, A+ =• 26., A2+ = 10. 
For the fully turbulent flow case the model is applied to the 
entire flow field, including the wake to compute the eddy vis-
cosity. 
The transitional flow behavior is modeled as follows. The 
transition onset is specified downstream from the maximum 
pressure gradient location on both the suction and the pressure 
sides. The flow in the region between the lower and upper 
transition onset points is computed as laminar. An effective 
eddy viscosity in the transitional region is computed from Eq. 
(7) by imposing zero production at the transition onset as 
boundary value. 
The computed eddy viscosity for the transitional flow region 
starts from a zero value and increases gradually and smoothly 
to the fully turbulent value as shown in Fig. 1. The values of 
the effective eddy viscosity in the vicinity of the transitional 
flow region are shown in Fig. 1(a). In Fig. 1(b) two eddy 
viscosity profiles, one in the transitional flow region and another 
one in the fully turbulent flow region, are shown. 
Results and Discussion 
A solution was first obtained for a NACA-0012 airfoil, which 
executes a harmonic motion a{t) = 9 deg + 5 deg sin (uit) 
around the quarter chord pivot point with a reduced frequency 
k - l-nfcllV^ = 0.1, at a free-stream compressible flow M„ = 
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Fig. 1 Computed eddy viscosity along the axial and normal directions 
0.3 and a Reynolds number Rec = 4.0 X 106. Detailed experi-
mental measurements in the form of integrated aerodynamic 
loads (C(, Cd, Cm) and unsteady surface pressure coefficients 
have been obtained for this flow condition [10]. A 311 X 91 
point grid was used for the computation. The first grid point 
away from the surface was located at a distance dy = 0.00001 c. 
This grid spacing yields ay+ value of approximately two, which 
is adequate to capture the high Reynolds number turbulent flow 
behavior. The entire oscillatory cycle was computed in 20,000 
time steps, which corresponds to a nondimensional time step 
Ar « 0.005 and a CFL » 650, even though numerical stability 
could be obtained for At = 0.01. Two oscillatory cycles only 
were computed because the third cycle coincided with the sec-
ond. The CPU time required on a Cray YMP was about one 
hour for one oscillation cycle. 
The fully turbulent flow solution is compared with the mea-
sured unsteady loads in Fig. 2. Fair agreement with the experi-
ment is obtained for the pitch-up part of the oscillation. How-
ever, almost no hysteresis loop is obtained for the downstroke. 
Also, the computed drag and pitching moment coefficients dis-
agree with the experiment. In particular, the pitching moment 
hysteresis loop is counterclockwise, whereas the experimental 
loop shows the ' 'figure eight'' loop behavior indicative of sin-
gle-degree-of-freedom flutter. 
The laminar/transitional/turbulent flow solution is compared 
with the experiment in Fig. 3. It is seen that the lift hysteresis 
loop shows good qualitative agreement. There is some overpre-
diction of the lift drop during part of the downstroke. Similar 
trends are shown for the drag and pitching moment. It appears 
that the computed solution predicts a more rapid reattachment 
of the flow. The source of this disagreement will be pointed 
out in the next paragraph where the computed surface pressure 
coefficients are compared with the experiment. However, there 
is good agreement with the measured nose-down pitching mo-
ment and drag increase caused by the massively separated flow 
during the initial part of the downstroke. It is significant that 
the extreme values of the drag and pitching moment are closely 
predicted. 
The surface pressure coefficient distributions at three angles 
of attack during the upstroke a = 13.0 deg, a = 13.5 deg, and a 
= 14.0 deg obtained from the fully turbulent and the transitional 
computations are compared with the measured values [10] in 
Fig. 4. As expected, both computed solutions are in good 
agreement with the measured values because all the computed 
integrated loads are in agreement with the experiment during 
the upstroke. Note, however, that the fully turbulent solution at 
the peak of the cycle a = 14.0 deg already overpredicts the 
suction peak. The computed solution for the downstroke at the 
angles a = 13.0 deg, a = 12.0 deg, and a = 11.0 deg are 
compared with the experiment in Fig. 5. At a = 13.0 deg (Fig. 
5(a)) the solution with transition is in good agreement with the 
experiment for the region near the leading edge. The secondary 
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Fig. 2 Comparison of the computed and measured lift, drag and pitching 
moment coefficients: a(f) = 9 deg + 5 sin {tot), for the NACA-0012 airfoil; 
experiment [10]; M = 0.3, k = 0.1, Re = 4 x 10" (fully turbulent) 
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Fig. 3 Comparison of the computed and measured lift, drag and pitching 
moment coefficients: a[t) = 9 deg + 5 sin (cot), for the NACA-0012 airfoil; 
experiment [10]; M = 0.3, k - 0.1, Be = 4 x 10s (transitional) 
lags the one shown by the experiment. The fully turbulent solu-
tion, on the other hand, does not show any significant separation 
or vortex formation and the computed suction peak considerably 
overshoots the experimental value. Visualization of the com-
puted velocity fields shows that only trailing edge separation 
was obtained for the fully turbulent computation. In contrast, the 
transitional solution properly captures the physical mechanism 
observed in the experiment and shows development of a leading 
edge, vortical, dynamic-stall-like structure as the computed sur-
face pressure coefficient during downstroke demonstrates. At 
lower angles of incidence a = 12 deg and a = 11 deg during 
the down-stroke (Figs. 5(b, c)) the fully turbulent solution does 
not predict any significant separation. The transitional solution 
is again in good agreement with the experiment near the leading 
edge region, but the lag obtained in the vortex formation causes 
discrepancies with the measured values. 
In turbomachinery applications lower oscillation amplitudes 
are of interest. Therefore, one of the few low amplitude cases 
measured [10] was investigated next. It involves a Sikorsky 
SC-1095 airfoil oscillating around the quarter chord point about 
a mean angle of 14 deg and an amplitude of 2 deg. The reduced 
frequency is k = 0.198, the free-stream Mach number is M„ = 
0.3 and the Reynolds number Rec = 3.85 X 106. The increase 
of the mean angle causes stall to occur prior to the reversal of the 
motion. In addition, changes of the airfoil section and reduced 
frequency produce a leading edge dynamic stall vortex prior to 
the maximum angle of attack. Figure 6 shows the lift, drag, and 
pitching moment hysteresis loops obtained from a fully turbu-
lent and a transitional solution. Again the agreement between 
the predicted and measured values is seen to be excellent for 
most of the upstroke for both solutions. However, the fully 
turbulent flow solution delays the development of the leading 
edge dynamic stall vortex. As a result very substantial discrep-
ancies ensue over the remainder of the cycle. The transitional 
solution, on the other hand, is again seen to capture the main 
physics of the unsteady flow. Note that incorporation of transi-
tion is essential to obtain drag rise and pitching moment de-
crease at the correct phase during the upstroke. Visualization 
of the computed solutions during the downstroke showed that 
along with the dynamic stall vortex, a trailing edge vortex ap-
pears. This trailing edge vortex is responsible for the oscillatory 
behavior of the computed loads observed in both solutions. 
It was found that the transitional solution is sensitive to the 
suction side transition location. Here the transition onset is spec-
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Fig. 4 Comparison of the turbulent and transitional computed surface 
pressure coefficients during upstroke, a = 13.0 deg and a = 13.5 deg: 
«(r) = 9 deg + 5 sin {cot), for the NACA-0012 airfoil; experiment [10]; M 
= 0.3, k = 0.1,Re = 4 x 10" 
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Accurate prediction of the transition location for unsteady ad-
verse pressure gradient flow is difficult. Empirical criteria [29] 
developed for steady low Reynolds number flows at small ad-
verse pressure gradient have been applied but they predicted 
transition very close to stagnation. For the present experiment, 
unsteadiness, free-stream turbulence, and other disturbances, as 
well as significant compressibility at the leading edge region 
make the problem of determining the transition onset very diffi-
cult. It appears that the well-known eN method, appropriate for 
flight conditions, would not be accurate here due to free-stream 
turbulence and significant wall effects. The main objective of 
our work is to demonstrate that inclusion of transition is the 
key to the successful prediction of stall flutter and dynamic stall 
at high Reynolds numbers. While the need for the inclusion of 
transition modeling in the lower Reynolds number range is 
beginning to be appreciated more and more, the fact that transi-
tion is also important at the high Reynolds number range, as 
our results demonstrate, is more surprising. 
Conclusions 
Unsteady high Reynolds number flow over an oscillating 
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Fig. 5 Comparison of the turbulent and transitional computed surface 
pressure coefficients during downstroke, a = 13.0 deg, 12.0 deg, and a 
= 11.0 deg: a{t) = 9 deg + 5 sin (<of), for the NACA-0012 airfoil; experi-
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Fig. 6 Comparison of the computed and measured drag 
moment coefficients for the SC-1095 airfoil: a[t) = 14 deg 
experiment [10] ; M = 0.3, k = 0.2, Re = 4 x 10 6 
16 17 
and pitching 
+ 2 sin (ait), 
that the leading edge transitional flow is of primary importance 
to the overall development of the unsteady flow field. Laminar/ 
transitional leading-edge separation bubbles developing during 
the pitch-up motion produce a dynamic-stall-like vortical struc-
ture. During the downstroke, this vortical structure is convected 
downstream and causes massive separation manifested by sig-
nificant hysteresis effects, which are not obtained in a fully 
turbulent situation. A critical issue for accurate computations is 
the reliable prediction of the transition onset. For high Reynolds 
number flow, the transitional region is small and it appears that 
computation with an effective eddy viscosity obtained from a 
turbulence model does not significantly degrade the accuracy 
of the solution. Further work is needed to develop reliable crite-
ria for transition onset under unsteady adverse pressure gradient 
conditions. 
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